Abstract Understanding the extent to which diversity at immunologically important genes is reduced by demographic perturbations such as population bottlenecks, and the resulting consequences this has on individual fitness, is of fundamental importance for the effective management of genetic resources in natural populations. Toll-like receptors are key immunological genes with well-established links to fitness. Here, levels of allelic diversity and heterozygosity at the toll-like receptor 4 locus (Tlr4) were characterised across 280 water voles (Arvicola amphibius) from an isolated, island population in north west Scotland that went through a severe population bottleneck between 2004 and 2006 that eroded neutral microsatellite variation. Two functional Tlr4 alleles were resolved prior to the population crash at frequencies close to parity and an excess of heterozygote genotypes relative to Hardy-Weinberg expectations. Through the population bottleneck both alleles were retained with genotype frequencies conforming to Hardy-Weinberg expectations. Tlr4 genotype was significantly associated with gamasid mite, flea (Megabothris walkeri) and sheep tick larva (Ixodes ricinus) burdens among individuals, suggesting a mechanism through which parasite mediated selection could affect Tlr4 diversity. The results are examined with recourse to the extent that they are consistent with the effects of genetic drift and balancing selection, and their significance is discussed in relation to identifying target genes that assay ecological and adaptively meaningful genetic variation in a conservation context.
Introduction
Population genetics theory highlights that small populations are at increased risk of experiencing loss of genetic diversity through the effects of random genetic drift (Wright 1931; Nei et al. 1975; Allendorf 1986 ). The knockon effects of this process can cause a reduction in individual fitness and population viability through the negative effects of inbreeding depression, mediated though reduced heterozygosity and the fixation of deleterious recessive mutations (Charlesworth and Charlesworth 1987; Piertney and Webster 2008) . Moreover, low levels of genetic diversity may compromise a population's evolutionary potential, and thus the ability to adapt to a changing environment and associated selection pressures (Ridley 2003) .
Demographic perturbations such as population bottlenecks and founder events are expected to erode genetic variation given the extent to which they can reduce population size (Wright 1931; Nei et al. 1975; Kimura 1983; Dlugosch and Parker 2008) . Several studies have demonstrated the expected loss of both allelic diversity and heterozygosity that is associated with population bottlenecks for neutral molecular markers (Keller et al. 2001; Wisely et al. 2002; Taylor et al. 2012) . However, assays of neutral genetic diversity in population surveys are not always the most reliable predictors of adaptive genetic variation (Merila and Crnokrak 2001; Reed and Frankham 2001; Piertney and Webster 2008; Alcaide and Edwards 2011; Bollmer et al. 2011) so it is unclear whether the same effects are observed for adaptive polymorphisms. In some instances it has been demonstrated that even in small populations, selection can act in opposition with genetic drift to preserve variation at adaptive loci (Oliver and Piertney 2012) . As such, directly assaying levels of diversity at key genes that explicitly influence fitness can reveal adaptive variation driven by selection that may not be observed at neutral molecular markers (Allendorf et al. 2010; Ouborg et al. 2010) .
A common target for examining adaptively important and ecologically relevant genetic variation in natural populations has been the Major Histocompatibility Complex (MHC), as it is often observed to display a high level of diversity and is associated with fitness-related traits such as parasite burden and sexual selection (Bernatchez and Landry 2003; Sommer 2005; Piertney and Oliver 2006; Consuegra and Garcia de Leaniz 2008; Oliver et al. 2009a, b; Dunn et al. 2013 ). However, the MHC represents only a small portion of the immunogenome as well as the broader adaptive fraction of the overall genome. The advent of post-genomics technologies and analyses has greatly enhanced the potential to identify and target key genome regions outside the MHC that represent functional genetic variation of ecological relevance (Blackwell 2001; Piertney and Webster 2008; Horner et al. 2010) . This is an essential step forward, given that there are many other non-MHC immune function genes that play pivotal roles in the vertebrate immune system (Acevedo-Whitehouse and Cunningham 2006 ).
An important class of non-MHC immune function genes are the toll-like receptors (TLRs). TLRs are an essential family of type 1 transmembrane glycoproteins that act as pattern recognition receptors (PRRs) and play an important role in the innate immune response (Akira et al. 2001; Brownlie and Allan 2011; Grueber et al. 2013; Fornusková et al. 2013) . They are involved in the initial recognition of invading infectious agents (Tschirren et al. 2013 ) and act as a host's front-line defence against a wide range of pathogens (Uematsu and Akira 2008; Iwasaki and Medzhitov 2010; Alcaide and Edwards 2011) . They also act as an important bridge between the processes involved in innate and acquired immunity (Akira et al. 2001; Bollmer et al. 2011) . TLRs are typically composed of a pathogenrecognition extracellular domain, a short transmembrane segment and an intracellular toll/interleukin-1 signalling domain (Gay and Gangloff 2007; Werling et al. 2009; Alcaide and Edwards 2011) . The extracellular signalling domain is composed of a leucine-rich repeat motif which plays a vital role in detecting the distinctive features of invading microbes, so called ''pathogen associated molecular patterns'' (Takeuchi et al. 1999; Werling et al. 2009; Alcaide and Edwards 2011; Tschirren et al. 2013) . Once bound to an invading pathogen, TLRs orchestrate the first volley of immune defence by initiating a signalling cascade which is mediated by specific adaptor proteins (Akira et al. 2001; Alcaide and Edwards 2011) . The resulting signal cascade causes the activation of transcription factors and the production of cytokines that ultimately result in the inflammatory response within the host (Kawai and Akira 2005; Bollmer et al. 2011; Tschirren et al. 2011) , and the activation of the antigen-specific adaptive immune response (Iwasaki and Medzhitov 2010) .
There are 10-13 different TLRs within most mammal species, which are specific to a range of different pathogens (Roach et al. 2005; Tschirren et al. 2013 ). Several of these TLR genes are thought to evolve under the effects of balancing selection (Ferrer-Admetlla et al. 2008 ) and show high levels of allelic variation (Alcaide and Edwards 2011; Bergman et al. 2012; Grueber et al. 2012) . One of the best characterised TLRs is toll-like receptor 4 (Tlr4), which recognises lipopolysaccharides in the outer membrane of gram negative bacteria (Akira et al. 2001; Shi et al. 2006; Werling et al. 2009 ). As Tlr4 is known to play an important role in a host's defence against parasites, genetic polymorphism at this locus has been recognised as a potential candidate for investigating the signatures of selection acting upon innate immune defence genes in natural populations (Hughes and Friedman 2008; Tschirren et al. 2013) .
In this study, we investigate Tlr4 diversity in an isolated population of water voles (Arvicola amphibius) located on the small island of Coiresa in North West Scotland, UK. Specifically we examine the extent to which diversity is affected by drift mediated through long-term isolation of the population and through the effects of a population bottleneck that spanned 3 years which, at its lowest point, reduced the population size down to just six individuals (five of which were adults and of those there were three males and two pregnant females). The population collapse and subsequent recovery coincided with the presence of sheep (Ovis aries) on the island that were introduced in the autumn of 2004, and removed in the summer of 2005. The sheep had a substantial impact on the island's grass coverage which severely reduced the food supply and amount of suitable habitat coverage for the water voles, causing the population to crash. It has previously been shown that levels of diversity at six microsatellite markers were reduced within this population by the bottleneck, consistent with the effects of random genetic drift in a small isolated population (Oliver and Piertney 2012) . Prior to the population bottleneck, microsatellite allelic variation was already low relative to the levels of variation present at the same loci in a large mainland population (Stewart et al. 1998; Oliver and Piertney 2012) . During the bottleneck further variation was lost and there was no significant deviations from neutral expectations before, during or after the population bottleneck (Oliver and Piertney 2012) . These changes were in contrast to patterns observed at a class II MHC locus (Oliver et al. 2009a, b) where it was shown that balancing selection countered the effects of drift to retain variation through the bottleneck. This was achieved by heterozygote individuals being significantly fitter than their homozygote counterparts (Oliver et al. 2009a; Oliver and Piertney 2012) . A previous study highlighted that host-parasite interaction were likely drivers of balancing selection, with different alleles at the MHC DQA locus explaining variance in ectoparasite burdens, with MHC heterozygote voles having the lowest overall parasite load in mixed infections (Oliver et al. 2009a) .
We examine the dynamics of Tlr4 through the population bottleneck to test whether it displays patterns more similar to neutral microsatellites or MHC variation. We examine both allelic variation and heterozygosity prior to the population crash, and for the 3 years of the crash and the time required for the population to recover back to prebottleneck density. Data simulation was conducted to estimate heterozygosity and allelic frequency assuming only random genetic drift was operating. By using these simulations assessment can be made as to whether Tlr4 gene dynamics matches neutral expectations.
We also examine the extent to which Tlr4 genotype explains individual variation in flea (Megabothris walkeri and Ctenopthalmus nobilis), tick (Ixodes ricinus larvae and nymphs) and mite (Gamasidae) parasite burdens, and prevalence of the bacterial microparasite Bartonellla. Tlr4 genotype has previously been shown to influence levels of parasite burden (Garantziotis et al. 2008; Tschirren et al. 2011; Bollmer et al. 2011; Tschirren et al. 2013) .
We predict that: (1) Tlr4 variation will show patterns of diversity inconsistent with neutral expectations; and (2) Tlr4 genotype will significantly explain variation in the number of parasites among individuals.
Materials and methods

Study site and sample collection
The focal water vole population is on the small (*2000 m 2 ) island of Coiresa (56°08 0 N, 5°37 0 W), in the Sound of Jura on the west coast of Scotland. Intensive, long-term sampling of the island since 2003 has confirmed a lack of immigration into the population, with levels of microsatellite-derived genetic differentiation with neighbouring islands suggesting isolation for much longer periods (Telfer et al. 2003 Oliver et al. 2009a, b . In brief, a targeted trapping grid was established, consisting of four transects of 25-30 baited Elliot live traps that were positioned close to the signs of water vole activity (clippings, latrines, runs, and burrows). These were checked every 24 h over a three to four night period. For all individuals caught, sex, reproductive status and weight (g) was recorded. Voles that were classed as reproductively inactive were assigned as juveniles while voles that were reproductively active were classed as adults. Tissue sampling for DNA extraction and the quantification of parasite burdens (i.e. direct counts) of mites (Gamasidae), fleas (M. walkeri and C. nobilis) tick (I. ricinus) nymphs and larvae were as detailed in Oliver et al. 2009a, b . Blood samples were screened for microparasites of the bacterial genus Bartonella and these results were recorded as prevalence data (Oliver et al. 2009a, b) .
Molecular analysis
Genomic DNA was extracted using the salting out procedure described in Mullenbach et al. (1989) with dilution to 10-20 ng ll -1 in 10 mM Tris-HCl (pH 7.0). The polymerase chain reaction (PCR) was used to amplify a 1000 bp region of the extracellular domain that encodes pathogen recognition using the primers (5 0 -3 0 ) F 5 0 -AAA TGG CTG GCA ATT CTT TC -3 0 and R 5 0 -AGT CKT CTC CAG AAG ATG TGC-3 0 (Turner et al. 2012) . As this region is directly responsible for interacting with pathogenderived structures it is predicted to be the most polymorphic (Fornusková et al. 2013) . PCRs were carried out in an MJ Research PTC-100 thermocycler in a total volume of 20 ll consisting of 25 ng template DNA, 2.5 mM MgCl 2 , 16 mM (NH 4 ) 2 SO 4 , 67 mM Tris-HCl, 0.2 mM of each nucleotide, 0.5 lM of each primer and 0.5 U of Taq DNA polymerase (Sigma-Aldrich). The PCR conditions were: an initial denaturation step at 95°C for 5 min followed by 30 cycles of annealing at 65.3°C for 30 s, elongation at 72°C for 30 s and denaturation at 95°C for 30 s. An extra 5 min elongation step at 72°C followed the final cycle. PCR success was confirmed on 2 % 1 9 TBE agarose gels stained with WebGreen DNA stain (Web Scientific). Amplified products were run alongside a Hyperladder IV size standard (Bioline) and compared with negative controls to check for contamination.
Samples were genotyped using denaturant gradient gel electrophoresis (DGGE). For each individual, 5 ll of PCR product was mixed with 5 ll 2.59 loading dye (Bioline) and loaded onto a 16 9 20 cm, 1 mm thick 8 % Conserv Genet (2015 Genet ( ) 16:1181 Genet ( -1193 Genet ( 1183 polyacrylamide gel containing a 20-70 % gradient of denaturing agents (urea and formamide) and run in a Dcode TM universal mutation detection system (Bio-Rad Laboratories, Hercules, CA) in 6.5 L of 1 9 TAE buffer at 50 V for 14 h at 60°C. Products were visualised using a standard silver staining protocol (Bassam and Gresshoff 2007) . DGGE banding patterns were scored as 1/1, 1/2, 2/2 to represent the three possible genotypes. For each banding pattern phenotype that was resolved, products from five individuals were purified using the QIAquick PCR purification kit (Qiagen Ltd) according to the manufacturer's instructions and sequenced on an automated DNA sequencer by Eurofins MWG, London, using the forward PCR primer. To resolve allele sequences from heterozygote genotypes when multiple variable sites were resolved, PCR amplicons were cloned using the pGEM Ò -T Easy Vector system following manufacturer's instructions (Promega), and then DNA sequenced using M13 primers.
One DGGE banding phenotype failed to resolve some of the underlying DNA sequence variation. A DNA sequence variant fell within an MboII restriction enzyme recognition site and so this enzyme was used in a restriction fragment length polymorphism (RFLP) assay to assign ambiguous DGGE patterns to genotype. The PCR amplicon was digested overnight at 37°C with 1 unit of MboII, and the product run out on a WebGreen stained 2 % agarose gel alongside a Hyperladder IV standard (Bioline).
Statistical analysis
Two separate approaches were used to examine departures of genetic variation from neutral expectations. First, the inbreeding coefficient F IS was estimated using FSTAT v 2.9.3.2 (Goudet 2005) to detect deviations from HardyWeinberg equilibrium (HWE), the significance of which was tested by randomised permutation. Second, the Ewens-Watterson (E-W) test of neutral sequence evolution (Watterson 1978 ) based on sequence haplotypes was used as implemented in Arlequin v 3.5 (Excoffier et al. 2005) . Linkage disequilibrium between the Tlr4 locus and the previously examined MHC locus (Oliver et al. 2009a, b) was tested at each sampling event using Genepop v 4.2 (Rousset 2008 ) using the log likelihood ratio statistic and the default Markov chain parameters (dememorization number = 1000, number of batches = 100, number of iterations per batch = 1000). To test for evidence of a longterm signature of selection the rates of synonymous and non-synonymous mutations were calculated with a Jukes Cantor correction. To calculate nucleotide diversity fragments were aligned and trimmed to *750 bp. A Z-test was used to examine whether the frequency of non-synonymous mutations per non-synonymous site was significantly greater than synonymous mutations per synonymous site.
Calculations were undertaken in DNAsp v 5 (Librado and Rozas 2009).
The evolutionary relationships between the A. amphibius alleles with homologous sequences from closely related species was resolved with a maximum likelihood phylogenetic tree using MEGA6 (Tamura et al. 2013 ). The optimised model of sequence evolution was ascertained using ModelTest, and bootstrapping (10,000 iterations) used to assess the stability of internal nodes.
Simulation studies
Simulations were undertaken to provide estimates of heterozygosity and allele frequency for neutral polymorphisms prior to, and through the course of the bottleneck. By comparing the simulated data to the observed data at the Tlr4 locus assessment can be made as to whether Tlr4 gene dynamics matches neutral expectations. For both the pre-bottleneck and bottleneck simulations a population level simulation and an individual-based simulation were created. At the population level only the initial population allele frequency was specified and at the end of the simulation the difference between the final allele frequencies was calculated. The rationale behind this approach was that genetic drift would lead to large differences in allele frequency as one allele is forced towards fixation, whereas balancing selection would aim to maintain parity in allele frequency when retaining both alleles. In the individualbased simulations genotypes were assigned to each individual so the difference in allele frequency and the proportion of heterozygotes could be calculated. A Chi squared test was used to establish if the population conformed to Hardy-Weinberg expectations. All simulations were created within the R statistical environment v 3.1.2 (R Core team 2013).
Pre-bottleneck simulations
The first simulation generated allele frequencies for a two allele locus in a population maintained at 100 individuals, with a starting allele frequency of p = q = 0.5, equal sex ratios (s.r. = 0.5) and random mating over 100 generations. The simulation was run 10,000 times and the difference between the two allele frequencies was calculated and compared to the observed May 2004 pre-bottleneck Tlr4 allele difference of 0.04.
The second simulation used an individual-based approach. A starting population of 100 individuals with an even allele frequency (p = q = 0.5), even sex ratio and a heterozygosity proportion of 0.5 (H = 0.5) was established. This was used to seed a second generation assuming a year-on-year survival rate of 0.1, a constant population size of n = 100 and random mating among individuals.
Alleles were sampled at random from parental genotypes and apportioned according to Mendelian expectation among the offspring. This process was repeated for 100 generations, and repeated 1000 times. The difference in final allele frequencies and the proportion of heterozygotes were recorded for each run. To test if the final population was within Hardy-Weinberg equilibrium a Chi square test was performed on each of the final populations. Populations with a p value \ 0.05 were deemed to be out-with Hardy-Weinberg expectations.
Simulating the bottleneck
The third simulation was used to generate allele frequencies throughout the course of the population bottleneck. An initial population (generation 0) was generated that had the starting population size and allele frequency observed in May 2004 (n = 81, p = 0.52). For each of the subsequent generations the population sizes mirrored those observed during the bottleneck (generation 1 n = 6; generation 2 n = 14; generation 3 n = 70). For the final generation the difference in allele frequency was calculated and compared to the observed October 2006 Tlr4 value of 0.32. This simulation was repeated 10,000 times.
The final simulation utilised the individual-based approach to generate the proportion of heterozygous as well as the allele frequencies throughout the population bottleneck. An initial population (generation 0) was generated using the parameters observed for the May 2004 population (n = 81, p = 0.52, H = 0.8, s.r. = 0.5). Once the initial population had been generated the parameters for the subsequent generations were specified (generation 1 n = 6, survivors = 0, s.r. = 0.5; generation 2 n = 14, survivors = 2, survivor s.r. = 0.5, s.r. = 0.43; generation 3 n = 70, survivors = 4, survivor s.r. = 0.36, s.r. = 0.54). Again, offspring genotypes were generated by randomly sampling parental genotypes with sampling probabilities based on Mendelian expectations. The simulation was run 10,000 times and the difference in final allele frequencies, the proportion of heterozygotes and Chi square p values were recorded for the last generation of each run.
Statistical models
Statistical models were constructed to examine the differences between Tlr4 genotypes in parasite burden of different parasite species (M. walkeri and C. nobilis fleas, I. ricinus larvae, I. ricinus nymphs, microparasites of the bacterial genus Bartonella and mites of the genus Gamasidae) while controlling for the potentially confounding influence of sex, reproductive status, month and year. Collinearity between explanatory variables was identified between vole weight and reproductive status, and vole weight and sex. The potentially confounding effect of these variables was removed during model selection by ensuring that collinear explanatory variables were not used in the same model.
In all instances, the error structure of the parasite response variable was not assumed to be normally distributed as they were either count or presence-absence variables. As such, models were fitted using either a Poisson error structure (for count data) or a binomial error structure (for presence/absence) data. The dataset included repeat measurements from some individuals that had survived between sampling periods. In order to account for this nonindependence, generalised linear mixed models (GLMM) were used where an indicator variable of individual ID was included as an additive random effect in addition to the fixed effects. All models were fitted with the function glmer using the package lme4 v 1.1-7 (Bates et al. 2014) within the R statistical environment v 3.1.2 (R Core team 2013).
Initial models for each response variable were constructed that included the main effects of Tlr4 genotype, sex, reproductive status, month and year. In the I. ricinus tick models, individual burdens of larvae or nymphs were also added as explanatory variables. Variables were then removed using a backward stepwise selection process to minimise the Akaike information criterion (AIC). A difference in the AIC value of two between models was used as justification to either retain or remove explanatory variables from the models (table of model selection is available in the supplementary materials). Model fit was further examined by performing a likelihood-ratio test between each pair of nested models. Poisson GLMMs were examined for overdispersion and all models were validated by examining diagnostic plots of Pearson and deviance residuals against fitted values and the explanatory variables that were retained in the final model. The models were further simplified by replacing the Tlr4 variable (that included all three genotypes) with Tlr4-1, indicating whether the Tlr4-1 allele was present or absent and repeating the modelling process. In addition, repeat observations were removed and the modelling process was repeated using generalised linear models (GLMs). In all cases, the outcome of the final model was the same for GLMs and GLMMs.
For the models that showed a significant effect of Tlr4 genotype on parasite abundance, individual parasite burden was predicted using the lsmeans function (i.e. least-squares means for specified factors or factor combinations in a linear model) from the lsmeans package v 2.12 (Lenth 2014) . Predictions were performed for adult males and females and juvenile males and females in the month of May. All other experimental variables were kept constant at an average value. EMBL accession numbers KJ881164 and KJ881165 respectively) and all three possible genotypes were identified in the population. The two Tlr4 alleles differ by four variable nucleotide positions, of which two of the positions were non-synonymous, and all within the extracellular domain (Fornusková et al. 2013) . The overall nucleotide diversity (p) calculated using a Jukes-Cantor correction was 0.005 and the average number of nucleotide differences was four with a stochastic variance under no recombination (Vst) of 2.667. The rate of non-synonymous substitution per non-synonymous site did not significantly exceed the rate of synonymous substitutions per synonymous site (dN = 0.003, dS = 0.012; Z-test = -0.982, p = 0.328). This is inconsistent with the expected effects of balancing selection where dN is expected to be significantly greater than dS.
The phylogenetic relationships between the two Tlr4 allele sequences resolved from A. amphibius in this study together with allelic homologues from field vole (Microtus agrestis), bank vole (Myodes glareolus), chestnut whitebellied rat (Niviventer fulvescens), Indochinese forest rat (Rattus andamanensis), red spiny rat (Maxomys surifer), long-tailed giant rat (Leopoldamys neilli), fawn coloured mouse (Mus cervicolor), ryukyo mouse (Mus caroli), house mouse (Mus musculus) and spotted lemur (Lepilemur edwardsi) are shown in Fig. 1 . Each species formed a reciprocally monophyletic clade with C99 % bootstrap support.
A total of 118 individuals were genotyped from September 2004, which was before the bottleneck. The numbers of water voles was reduced to six individuals (one juvenile, two pregnant females and three males) in 2005 (Oliver and Piertney 2012) , then recovered to approximately 70 individuals in 2006 (Fig. 2a) . Before the bottleneck the population displayed an excess of heterozygote genotypes relative to Hardy-Weinberg expectations and significant departures from neutrality based on the Ewens-Watterson test (p [ 0.05) ( Table 1) . During and after the bottleneck the population genotype frequencies conformed to Hardy-Weinberg and neutral expectations (Table 1) .
The results from both the pre-bottleneck population simulation and the individual-based simulation indicated that the probability of observing an allele frequency difference of B0.04 was very low (0.035 and 0.032 respectively). In May 2004 the population deviated from HardyWeinberg expectations due to an excess of heterozygotes (Table 1 ; Fig. 2c) . However, the results from the individual-based simulation indicate that this is unlikely to occur by chance as there was a low probability of the final generation deviating from Hardy-Weinberg expectations (0.038).
In October 2006, when the population had recovered back to 70 individuals, the observed allele frequencies had a difference of 0.32 (0.34 and 0.66 for Tlr4-1 and Tlr4-2 respectively; Fig. 2b ). Both the population and the individual-based bottleneck simulations indicated that there was a high probability of observing a final allele frequency difference of B0.32 by chance (0.611 and 0.630 respectively). In addition, in October 2006 the population was within Hardy-Weinberg equilibrium which corresponds to the results from the individualbased simulation where the probability of the final generation conforming to Hardy-Weinberg expectations was very high (0.925).
No significant difference in individual burdens of C. nobilis fleas, I. ricinus ticks nymphs or Bartonella was observed between Tlr4 genotypes. The final models implemented for each of these parasite types were as follows: (1) C. nobilis fleas * month ? reproductive status ? year (observations = 194, groups = 173; Poisson error structure), (2) I. ricinus nymphs * month ? year ? I. ricinus larvae burden (observations = 277, groups = 250; Poisson error structure), (3) Bartonella * reproductive state ? month (observations = 159, groups = 154; Binomial error structure).
However, there was a significant effect of Tlr4 genotype on the burden of M. walkeri fleas, I. ricinus tick larvae and gamasidae mites (model selection results detailed in supplementary material). Individual burdens of M. walkeri varied between 0 and 15 but the majority of voles (94 %) had less than five. The final model was: M. walkeri * Tlr4 genotype ? reproductive status ? sex ? month ? year (observations = 192, groups = 171; Poisson error structure). The coefficients for this model, including both the Tlr4 terms, are summarised in Table 2 . An effect of Tlr4 was observed with adult individuals that had the Tlr4-1 allele in the heterozygote state having significantly fewer M. walkeri than Tlr4-2 homozygote individuals (Table 2 ; Fig. 3 ). Male voles had higher M. walkeri burdens than female voles and reproductively inactive voles had higher burdens than individuals that were reproductively active. A seasonal effect was also detected where M. walkeri burdens were higher in May than in October. The individual burdens of M. walkeri fleas predicted from the final model are shown in Fig. 3. Individual burdens of I. ricinus larvae ranged between 0 and 19 but most voles (95 %) had less than five. The final model was: larvae * Tlr4 genotype ? reproductive status ? month ? year ? number of I. ricinus nymphs (observations = 277, groups = 250). Individuals with the Tlr4-1 allele in the homozygote form had significantly fewer I. ricinus larvae than heterozygote individuals and individuals that did not have the Tlr4-1 allele present (Table 2; Fig. 3 ). Reproductively inactive voles had higher burdens than those that were reproductively active and there was a positive relationship found between the numbers of I. ricinus larvae and nymphs. The seasonal effect was also significant with fewer larvae present in September compared to May (Table 2) .
Individual mite burdens varied between 0 and 208. The final model was: mites * Tlr4 genotype ? reproductive status ? sex ? month ? year (observations = 142, groups = 121; Poisson error structure). Individuals with the Tlr4-2 allele in the homozygote form had significantly fewer mites than individuals that had the Tlr4-1 allele present (Table 2; Fig. 3) . Male voles had a higher burden of mites than females, and reproductively inactive voles had a higher burden than reproductively active voles. Again, a seasonal effect was detected with more mites recorded in May than September (Table 2) .
Discussion
Previous studies have demonstrated the role of balancing selection in maintaining TLR diversity (Ferrer-Admetlla et al. 2008; Fisher et al. 2011 ). The results observed in the present study provide mixed evidence that this is the case for the water vole population on Coiresa. Balancing selection is expected to produce an excess of non-synonymous mutations relative to synonymous mutations across the Tlr4 alleles, and predicted to render para-or polyphyletic patterns of alleles among different species in a phylogeny. Neither of these were apparent in the Coiresa Fig. 1 Maximum likelihood phylogeny for the two A. amphibius Tlr4 alleles, together with 30 Tlr4 homologues from ten other species. The underlying model of evolution was identified using Modeltest (Posada and Crandall 1998) as the Tamura 3-parameter model (Tamura 1992) incorporating a discrete Gamma distribution (?G, parameter = 0.3642). Bootstrap support indices are given at nodes (10,000 iterations) Conserv Genet (2015) 16:1181-1193 1187 water vole population. The rate of non-synonymous to synonymous mutations across the Tlr4 alleles was not significantly different, and the water vole Tlr4 sequences formed a monophyletic clade with Tlr4 homologues from other species. Conversely, however, before the bottleneckthe frequencies of the two alleles were closer to parity than would be expected under neutral theory for an island population maintained over long periods at pre-bottleneck densities. Simulation studies highlighted that allele frequencies should show more difference because of the effects of random genetic drift than were actually observed. This suggests that balancing selection is operating to maintain both alleles within the population. The parameters utilised in the simulations favoured the effects of drift in that the duration of the model was 100 generations and population size was kept constant at around the carrying capacity of the island. In reality, the population will have been isolated for much longer than this, and would have been subjected to demographic perturbation resulting in occasional reductions in population size. As such the argument that balancing selection is operating in the Coiresa population is actually more compelling than the test statistics would suggest. Moreover, the population displayed a significant excess of heterozygote genotypes relative to HardyWeinberg expectations and allele frequencies departed from neutral expectations. Both of these patterns would be expected if balancing selection was operating.
Interestingly, however, balancing selection was not invoked in the dynamics of the two alleles through the population bottleneck. Ewens-Watterson tests indicated that the changes in allele frequency through the bottleneck were consistent with neutral prediction, with the simulation studies highlighting that the observed disparity in allele frequency between the Tlr4-1 and Tlr4-2 alleles in October 2006 was no more or less than would be expected by chance.
Despite the dramatic reduction in population size during the bottleneck (118 in 2004 to 6 in 2005) the relative brevity of the bottleneck meant that genetic drift did not cause extinction of one of the alleles. A longer duration covering more generations may well have meant that one of the alleles would have been lost with an overall reduction in allelic diversity. The maintenance of both alleles through the bottleneck was also favourably affected by the near parity of allele frequencies at the onset of the population crash. As such balancing selection provided a buffering capacity against drift through the bottleneck. If the starting allele frequencies were more skewed then our simulation studies highlighted a greater propensity for extinction. For example, if we change our simulation parameters from the observed starting allele frequencies to a scenario where one is 0.9 and the other is 0.1 then ex- It has been demonstrated in loci such as the MHC that balancing selection can be mediated through host-parasite interaction, with differences between genotypes and parasite load (Altizer et al. 2003; Prugnolle et al. 2005; Zueva et al. 2014) . Indeed, within this population of water voles, MHC variation explained significant variance in gamasid mites (Gamasidae), M. walkeri fleas, I. ricinus tick nymphs and overall co-infection (Oliver et al. 2009a, b) . Here, we undertook an equivalent examination where individual Tlr4 genotype was shown to have a significant effect on burdens of M. walker fleas, I.ricinus tick larvae and mites (Gamasidae). Individuals that carried two copies of the Tlr4-2 allele had significantly lower mite burdens than those that did not. Conversely, individuals with two copies of the Tlr4-1 allele had significantly lower burdens of I. ricinus larvae than the heterozygote or Tlr4-2 homozygote equivalents. Lastly, adult individuals with the Tlr4-1 allele in the heterozygote form had fewer M. walkeri fleas than the Tlr4-2 homozygotes.
The results of the mite and I. ricinus larvae analysis show the effects of a specific allele in a homozygote form resulting in a significantly lower burden of parasites, whereas the M. walkeri analysis demonstrated that only one copy of the Tlr4-1 allele was necessary to result in a lower flea burden. Although separately these models suggest evidence of different modes of selection, the overall fitness of an individual will be dictated by its ability to defend against a range of immunological assaults and, when this analysis is considered as a whole, it appears there is an overall Tlr4 heterozygote advantage. This would explain the excess of heterozygote individuals observed prior to the population bottleneck. For M. walkeri fleas and gamisid mites males had a higher parasite load than females. Male-biased parasitism rates have previously been reported in a number of rodent species. However, the underlying mechanisms through which this is mediated remain unclear (Krasnov et al. 2005; Ferrari et al. 2007; Matthee et al. 2010) . The potential effects of testosterone causing immunocompromise are difficult to reconcile with our observation, reproductively inactive individuals had a higher parasite burden than reproductively active individuals. The latter could be the result of parasites favouring the weaker and less resistant juvenile voles as they are easier to infect and exploit (Christe et al. 1998; Hawlena et al. 2005) .
The relationship between Tlr4 and various ectoparasite species has previously been demonstrated across a range of different host species (Maizels 2009; Zhang et al. 2011; Brake and Pèrez de León 2012; Wells et al. 2012) . The identification of specific signalling pathways during the host's response to ectoparasites has highlighted the role Tlr4 plays in the innate immune response. Most ectoparasite species, including fleas (Robinson et al. 2008; Matsuura 2013) , ticks (Stojek and Dutkiewicz 2004; Zhao et al. 2013; Brannan et al. 2014 ) and mites (Kim et al. 2014 ) release infectious agents and potent immunogens in their saliva to downregulate the host's immune defences. This stimulates the host's immunoregulatory and effector responses, thus initiating the immune response (Wikel 1999) . Tlr4 is therefore one of the first lines of defence against infection and an important link between pathogen recognition and the activation of the immune response (Wikel 1999) . Tlr4 plays an important role in activating the immune response by initially detecting the lipopolysaccharide cell wall component of the gram-negative bacterium released by the parasite and initiating the innate immune response, resulting in an inflammatory response and the activation of naïve T-cells by antigen presenting Fig. 3 Predicted individual burdens for three types of parasite: the flea M. walkeri for a adult males and females and d juvenile males and females, the larvae of the tick I. ricinus for b adult males and females and e juvenile males and females and gamasid mites (Gamasidae) for c adult males and females and f juvenile males and females, according to the genotype at the Tlr4 loci (where Tlr4 genotype 1 = Tlr4-1 homozygote, 2 = heterozygote and 3 = Tlr4-2 homozygote). Predictions were modelled for males and females and adults and juveniles in the month of May. All other significant covariates were held constant at an average value. Bars represent ± epre SE cells (Mogensen 2009 ). There are many different strains of gram negative bacteria that may be transmitted by parasite species, common strains that may be carried by ticks, fleas and/or mites include bacteria from the genus Borrelia (Rijpkema et al. 2009 ) and Bartonella (Billiter et al. 2008) , although there are many other potential gram negative bacterium's. Variation within the pathogen-recognition extracellular domain of the Tlr4 gene, most likely maintained by variations in TLR ligands among pathogens, allows for a range of different gram negative bacterium's to de detected (Maizels 2009) . If an individual's ability to detect and defend against invading infectious agents is compromised or limited, the activation of the acquired immune system in hindered and the individuals parasite burden is likely to increase.
Given that Tlr4 had a significant effect on M. walkeri fleas and I. ricinus tick larvae burdens it is unclear why we don't see an equivalent pattern in C. nobilis fleas or I. ricinus nymphs. This may reflect statistical power, but given the same discrepancy between the flea species was also apparent with the MHC it may also reflect differences in their individual pathologies. The absence of linkage equilibrium between the MHC and Tlr4 loci indicates that these patterns are independent and not caused by epistatic interaction (Lewontin 1963) . In addition, it is surprising that Tlr4 (in either the genotype or allele specific form) was not significant in the Bartonella model given that Bartonella is a gram-negative bacterium. However, unlike the ectoparasite species, blood samples were only collected in the May 2004 and September 2004 sampling sessions. Therefore, the overall sample size for Bartonella is comparatively smaller, reducing the statistical power of any test. Furthermore, as Bartonella was recorded in the blood samples as either present of absent we were unable to account for any variation in the severity of infection between individuals.
What is apparent from this study is that Tlr4 is an important component of the immunogenomic response to pathogens that explains a significant proportion of the variation in individual parasite load. This may have potential consequences for survival, fitness, fecundity and reproductive success of water voles and consequently population viability and persistence. As such, it is an ecologically meaningful locus and understanding its dynamics in populations is useful in a conservation context (Hedrick 2001; Seddon 2010; Thomas 2011; Oliver and Piertney 2012; Grueber et al. 2013 ). This reinforces the point made by Acevedo-Whitehouse and Cunningham (2006) that the MHC is not the only region of the immunogenome that is important and should be characterised in an ecological context.
The advent of approaches for assaying diversity across the genome in non-model species provides opportunities for identifying other loci that display disproportionately high allelic variation or heterozygosity despite the effects of stochastic microevolutionary processes operating to drive down diversity at the remainder of the genome, or that display high rates of non-synonymous mutations per non-synonymous site. This will circumvent the need for ''bottom-up'' candidate gene approaches (Piertney and Webster 2008) , and no doubt identify other genes that will add to the portfolio of ecologically meaningful adaptive markers such as Tlr4 and MHC.
